competition through multiple mating and a higher relative testes mass than humans (0.27% of average adult male weight versus 0.079%) and higher levels of sperm production (24, 25). If differences in male mutational bias are to explain observed patterns of divergence, then gorillas would have a male mutational bias lower than that of humans arising from decreased sperm competition (12). Our results suggest that variation in mating patterns between species can affect the sex bias of mutation and motivate the wider study of mutation rates and relationship to parental age across species.
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Funded by Wellcome Trust grants 086786/Z/08/Z to O.V. and 090532/Z/09/Z to the Wellcome Trust Centre for Human Genetics and by MRC hub grant G0900747 91070. We thank M. Przeworski and D. Reich for discussion and comments on the manuscript and A. Kong for providing data on request from reference (6) Netrins are secreted proteins that regulate axon guidance and neuronal migration. Deleted in colorectal cancer (DCC) is a well-established netrin-1 receptor mediating attractive responses. We provide evidence that its close relative neogenin is also a functional netrin-1 receptor that acts with DCC to mediate guidance in vivo. We determined the structures of a functional netrin-1 region, alone and in complexes with neogenin or DCC.
Netrin-1 has a rigid elongated structure containing two receptor-binding sites at opposite ends through which it brings together receptor molecules. The ligand/receptor complexes reveal two distinct architectures: a 2:2 heterotetramer and a continuous ligand/receptor assembly. The differences result from different lengths of the linker connecting receptor domains fibronectin type III domain 4 (FN4) and FN5, which differs among DCC and neogenin splice variants, providing a basis for diverse signaling outcomes.
N etrins, acting as both attractants and repellents, regulate neuronal migration, axon guidance, and synaptogenesis (1-4). In nonneural tissues, netrins have a variety of functions, including promoting cell adhesion and invasion, leukocyte migration, angiogenesis, and cell survival (5) . Netrins contain an N-terminal laminin domain (LN, also known as domain VI), followed by three cysteine-rich LN-type epidermal growth factor (EGF)-like modules (LE1, LE2, and LE3; also known as domain V), and a small positively charged C-terminal domain (LC). In mammals, the secreted netrins-1, -3 and -4 are only distantly related to the glycosylphosphatidylinositolanchored G netrins (6, 7) .
Netrin actions are mediated by distinct receptors (4) . Deleted in colorectal cancer (DCC) mediates attractive responses to netrin-1, whereas Unc5 proteins, alone or with DCC, are required for its repulsive effects (4, 8) . The ectodomain of DCC is composed of four immunoglobulin-like domains and six fibronectin type III (FNIII) domains. The DCC FNIII repeats mediate interactions with netrin-1 through its LN-LE region (9) (10) (11) . That region, when added as an Fc-fusion protein, is sufficient to mimic the axon outgrowth activity of full-length netrin-1 (12) . Neogenin is structurally similar to DCC and binds netrin-1 and -3 (12, 13), but also binds the structurally distinct repulsive guidance molecule (RGM) (14, 15) . Knockdown analysis in zebrafish supports a role for neogenin in mediating axonal attraction to netrin (16) , but this role has not been established in mammals, where it has mostly been studied as an adhesive factor (17) and a putative guidance receptor for RGM (15) .
We revisited the role of neogenin in netrin attraction while studying commissural axon attraction to a netrin-1 source at the spinal cord midline. Defects in this guidance in human leads to neurological syndromes, some of which result from mutations in DCC (18) (19) (20) . Prior analysis suggested that DCC mediates the entire attractive effect of netrin-1 because the phenotype observed with a commissural axon marker, antibody 4D7 to TAG-1, appeared stronger in Dcc mutant than in netrin-1 mutant embryos (21) . As new markers became available (22), we reevaluated embryos mutant for Dcc or netrin-1. Commissural projections develop between embryonic days 10.5 (E10.5) and E12.5, when spinal cord shape changes rapidly. To minimize artifacts from variation in embryo size and stage across litters, we compared size-matched embryos that were littermates from intercrosses of compound heterozygous animals. By using an antibody to Robo3 (22) in E11.5 Dcc mutant embryos, we observed only a 55% reduction in width of the ventral commissure compared with wild-type littermates, less than in netrin-1 −/− embryos, which had a 78% reduction (Fig. 1, A and E).
The same was seen with a new antibody to TAG-1 (Fig. 1A) and with antibodies to the axonal marker neurofilament-M (Fig. 1A) . The difference with the prior study appears to result from 4D7 giving weaker labeling of commissural axons that is also influenced by Dcc expression ( fig. S1 ). Thus, the guidance phenotype is actually less severe than in Dcc than in netrin-1 mutants, suggesting an additional netrin-1 receptor(s) contributes to residual attraction in Dcc −/− embryos.
To test this, we examined whether Dcc mutant commissural axons retain a response to netrin-1 in vitro. We cultured dorsal spinal cord explants from E11 wild-type and Dcc −/− embryos ( Fig. 1, B and C). In control explants, netrin-1 application induced robust axonal outgrowth that peaked at 250 ng/ml. The peak response was reduced significantly (by~97%) when explants from Dcc −/− embryos were used, confirming DCC's central role as a netrin-1 receptor, but a dose-dependent response of Dcc mutant axons was still consistently observed ( Fig. 1 , B and C). To determine which receptor mediates the residual netrin-1 response, we screened known and putative netrin-1 receptors by in situ hybridization and immunohistochemistry in E11.5 spinal cord. We observed neogenin immunoreactivity on commissural axons (23), which was lost in neogenin (Neo1) mutant spinal cords ( fig. S2A ), suggesting that neogenin might collaborate with DCC in guiding these axons. Consistent with this, whereas commissural axon trajectories in transverse sections from Neo1 −/− embryos were apparently normal (Fig. 1D) To study how neogenin and DCC function as netrin-1 receptors, we investigated the structural basis of the netrin-1/neogenin and netrin-1/DCC interactions. There are conflicting reports regarding which DCC FNIII domains mediate interactions with the netrin-1 LN-LE region (9-11), so we conducted biolayer interferometry binding studies (materials and methods) to clarify this. Our results ( Fig. 2A) show that domains FN4 and FN5 both interact with this ligand and that they account for the full in vitro binding affinity. Accordingly, in our structural studies we used a netrin construct that contains the LN and LE(1-3) domains and neogenin/DCC constructs containing FN4 and FN5. We did not include LC [also known as C345C, suggested to bind heparan sulfate (24) ], because it is attached via a flexible linker and not strictly required for receptor binding (9) (10) (11) and because a netrin-1-Fc fusion construct lacking this domain induces similar axon outgrowth in vitro as full-length netrin-1 (12) . Splice variants (isoforms) of both neogenin and DCC with different length of the FN4-FN5 linker have been reported in most species. Both shorter and longer isoforms bind netrin-1 with high affinity (Fig. 2B) .
For our structural studies, we used the shorter isoforms (25) . The structure of the netrin-1 LN-LE region was determined at 2.8 Å resolution (table S1 and figs. S3 to S7), revealing an elongated molecule with the same flowerlike shape as laminin and netrin-G (Fig. 2C) . The LN domain forms the head, and LE the stalk. The disulfide bond network throughout the molecule and the short linkers between the individual netrin domains result in a rigid molecular architecture with little interdomain flexibility. The globular LN domain has the canonical laminin LN fold, including a conserved Ca 2+ binding site. The LE region contains three EGF repeats, and its structure is similar to those of laminin-a5, laminin-g1 (26, 27) and netrin-G (6, 7), although the latter lacks the third EGF repeat (LE3).
The structure of the netrin/neogenin complex ( Fig. 3A) was determined at 3.2 Å resolution and reveals a 2:2 heterotetramer, consistent with its gel-filtration elution profile. At the heart of the complex are two netrin molecules forming a head-to-head X-shaped dimer and interacting via an extensive LE2/LE2 interface. This dimer brings together two neogenin molecules, with receptor molecules arranged parallel to each other and their C-termini facing the same direction, presumably toward the neuronal membrane. The two receptor binding regions are located about 90 Å apart on the two ends of the rigid netrin structure, but the distance between netrinbinding surfaces of neogenin FN4 and FN5 domains cannot exceed 55 Å, so the two receptor binding sites on netrin must interact with two different receptor molecules. Netrin does not undergo any significant conformational changes upon receptor binding, and the bound and unbound netrin structures could be superposed with root mean square deviation (RMSD) of 0.9 Å over 353 Ca atoms.
The neogenin FN4 and FN5 domains share the canonical FNIII folding topology ( fig. S7 ) and are arranged linearly, with the linker between them in a fully extended conformation. This linker region would be flexible in the absence of bound ligand.
The netrin/neogenin 2:2 complex (Fig. 3) contains five protein-protein interfaces that fall in three categories: Interface-1, between neogenin-FN4 and netrin-LN, buries~680 Å 2 in each interacting domain and is dominated by van der Waals interactions between two largely hydrophobic surfaces. In addition, there are several peripheral hydrogen bonds and a salt bridge (Fig. 3B and figs. S3, S4, and S8). The LN Ca 2+ binding site is immediately adjacent to interface-1, and bound Ca 2+ would be required to maintain its proper conformation. Indeed, EDTA reduces the netrin/ receptor binding affinities (Fig. 2B) .
Interface-2, between neogenin-FN5 and netrin-LE3, buries~610 Å 2 in each interacting domain and contains a mix of hydrophobic and polar contacts, including hydrogen bonds involving mainchain carbonyls and nitrogens (Fig. 3C and figs. S3 , S4, and S8). This interface is centered around Met 985 of neogenin, the hydrophobic side chain of which is buried in a netrin surface hydrophobic pocket. Interface-1 is slightly larger and more hydrophobic than interface-2, consistent with our binding affinity measurements ( Fig. 2A) .
Interface-3 is the netrin dimerization interface in the netrin/neogenin 2:2 complex, burying~1020 Å 2 in each interacting molecule. Notably, LE2 is longer than the other netrin LE domains, containing an extra strand-helix-strand motif, which provides most of the dimerization contacts. This netrin region is conserved between the canonical netrins (netrin 1 to 5) but is very different in the G netrins, suggesting that the latter might not support this netrin-dimer architecture. Interface-3 is twofold symmetric, although it is not on a crystallographic symmetry axis because the crystal asymmetric unit contains the full 2:2 heterotetramer. Unlike interface-1 and -2, the vast majority of the interface-3 residues are polar, forming several hydrogen bonds and four salt bridges (Fig. 3D  and figs. S3 and S8) .
The netrin LN-LE region is positively charged [isoelectric point (pI)~8.5], as is the neogenin/DCC FN4-FN5 region (pI~9.2). The main positively charged surfaces on netrin (on its LE2 domain) and receptors (on FN5) are exposed to solvent in the complex, making them potentially available for interactions with negatively charged entities like proteoglycans (28, 29) .
The structure of the netrin-1/DCC complex ( Fig. 4A ) was determined at 2.9 Å resolution and shows a different overall architecture than the netrin-1/neogenin structure, namely a continuous -DCC-netrin-DCC-netrin-DCC-assembly. Each netrin molecule still interacts, via its two receptor binding sites on the LN and LE3 domains, with two different DCC molecules. At the same time, each DCC receptor interacts with two netrin molecules via its two distinct netrin-binding sites on FN4 and FN5, but these two netrins are shared with two other DCC neighbors (Fig. 4D) . The reason the netrin/neogenin complex architecture cannot be replicated in the netrin/DCC complex is that the FN4-FN5 linker is slightly shorter in DCC than in neogenin ( fig. S4 ) and the DCC linker also forms a short a helix. Formation of the 2:2 netrin-1/neogenin signaling complex around the X-shaped netrin dimer requires full extension of neogenin FN4-FN5 linkers, but the DCC FN4-FN5 linker is not long enough to accommodate this architecture. As in the netrin/ neogenin complex, the DCC receptor molecules are parallel to each other, and their C-termini face the same direction.
The individual DCC and neogenin FNIII domains share about 70% sequence identity and their structures are very similar, with RMSDs between equivalent Ca positions of 0.47 Å for FN4 and 0.38 Å for FN5. The netrin-1 structure is also very similar in the complexes with its two receptors, with RMSDs between Ca positions of 0.73 Å. The netrin/DCC interfaces are nearly identical to the netrin/neogenin interfaces (Fig. 4  and fig. S4 ). Interface-1 is again formed between the netrin LN domain and the DCC FN4 domain, whereas interface-2 is formed between the netrin LE3 domain and the DCC FN5 domain. Figure 4 , B and C, illustrates the similarly of the interacting LN-FN4 and LE3-FN5 domains in the two complexes.
On the basis of the structures reported here, we propose that netrin induces signaling by binding to and bringing together receptor molecules via its two binding sites, thus creating ligand/receptor signaling assemblies at the neuronal surface. One netrin molecule cannot form a bivalent complex with a single receptor molecule, even with the long isoforms, because the distance between the two receptor binding sites on netrin is larger than the distance between the two ligand-binding sites on receptors. Our structures illustrate the potential for netrins to cross-link different receptor types via distinct receptor binding sites: for example, DCC or neogenin on one end and Unc5 the other, or DCC on one end and neogenin the other. The netrin LC domain might further concentrate or cluster assemblies, for example, via interactions with heparan sulfate, because the degree of axon outgrowth seen with the netrin LN-LE region linked to a dimeric Fc tag is similar to that with fulllength netrin-1 and much greater than with the LN-LE region alone (12) .
The differences in the two signaling architectures result from different lengths of the linker connecting the receptor FN4 and FN5 domains, which differs between the DCC and neogenin isoforms studied here. In most species with these molecules, two different isoforms for each receptor, short and long, arise from alternative splicing of the FN4-FN5 linker sequence (25) (fig. S4 ). The two neogenin isoforms and the long DCC isoform all contain linkers long enough to support the 2:2 signaling-complex architecture, whereas the shorter DCC isoform does not allow this formation. Our binding experiments (Fig. 2B ) suggest that the 2:2 assembly is energetically favored over the continuous assembly, presumably owing to the additional large interface between the two netrin molecules that it permits. The short neogenin and DCC isoforms are reported to predominate in many tissues (30) and could have distinct signaling properties mediated by distinct signaling-complex architectures (Fig. 4D) . However, our results also highlight the need to evaluate which isoform of DCC is used in any given cell type to determine the potential of distinct assemblies to elicit particular cellular responses to netrin. 
